Silicon oxidation using high-pressure oxygen, where the rate shows less-than-linear dependence, is simulated based on the interfacial silicon emission model. The oxidation reaction of the emitted Si atoms in the oxide, which controls the oxidation rate at the interface, plays an important role in determining the oxidation pressure dependence. We introduce reaction terms for the oxidation in the oxide so as to fit the oxide thickness at oxygen pressures of 1-20 atm. The simulation is made using constant parameter values for oxidation reaction by changing only the oxidant solubility in the oxide in proportion to oxygen pressure.
Introduction
Silicon oxidation is a key process for the fabrication of silicon devices, such as metal-oxide-semiconductor (MOS) transistors and single-electron devices, and elucidating the oxidation mechanism is of vital importance. One of the most significant phenomena in oxidation is that during oxidation Si atoms are emitted from the silicon/oxide interface. [1] [2] [3] [4] [5] [6] We have proposed the basic model based on the following concepts: [4] [5] [6] A large number of Si atoms (∼1% of the oxidized Si atoms) are emitted from the interface and most of them diffuse into the oxide. The emitted Si atoms in the oxide govern the oxidation rate due to their high concentration. Using this model, we have successfully simulated the whole range of oxide thickness, including the thin film regime, in a wide range of oxidation temperatures. 6) The concepts of our model lead to the point that the oxidation reaction in the oxide, which absorbs the emitted Si atoms, controls the oxidation rate at the interface. The oxygen pressure dependence of the rate may furnish insights into the reaction in the oxidebecause the linear rate constant (B/A) of the Deal-Grove (D-G) theory, 7) which corresponds to the oxidation rate at the interface, exhibits proportionality to oxygen pressure to the power of n with 0.7 < n < 0.8. 8) In this letter, we apply our model to the simulation of high-pressure oxidation. We introduce reaction terms for the oxidation of Si atoms in the oxide and deduce the constants of the reaction terms so that the calculated results fit the high-pressure experimental data.
Model and Simulation
We simulate high-pressure oxidation in the same way as in our previous paper for the oxygen pressure of 1 atm. 6) We use eqs. (1)-(6) and the parameters in Table I of ref. 6. For the oxidation at the interface, the reaction by molecular oxygen (Si + O 2 → SiO 2 ), which is most likely and widely accepted for Si oxidation, is taken into account [eq. (5) of ref . 6] . The rate of this reaction is proportional to oxygen pressure because we assume that the oxidant is molecular oxygen. In addition, the oxidation at the interface makes a major contribution to the total oxide thickness. The contribution of the oxidation of Si atoms in the oxide is minor, because the fraction of the emitted Si atoms is ∼1% of the oxidized Si atoms. 9) The oxide thickness, X, at each time step is obtained from eq. (6) of ref. 6 . The κ 1 and κ 2 are deduced from this simulation to fit the experimental data for high-pressure oxidation.
Results and Discussions
As oxygen pressure increases, a larger number of Si atoms is emitted from the interface, which reduces the oxidation rate constant [eq. (1)]. Therefore, the proportionality of the oxidation rate to oxygen pressure to the power of n < 1 8) is naturally explained by our model. First, we introduce the κ 1 -term in eq. (2), in which the oxidation reaction rate is proportional to oxidant concentration. The calculated oxide thickness (solid lines) and that from experiments 8) (symbols) are shown in Fig. 1 for dry oxidation of Si(100) substrates with the oxygen pressure of 20 atm at 900
• C. For the calcuHowever, the oxidation reaction in the oxide affects the interfacial Si-atom concentration and therefore controls, or modulates, the oxidation rate at the interface. We have described the oxidation reaction rate constant at the interface, k, by the decreasing function of C
where
Si is the maximum concentration of Si interstitials in the oxide, and k 0 is the maximum interfacial-reaction-rate constant. Therefore, the oxidation in the oxide should play an important role in determining the pressure dependence, which shows the power of n < 1.
The reaction term that represents the oxidation in the oxide is described by eq. (3.2) of ref. 6 as
Here, C Si and C O are the concentrations of Si interstitials and the oxidant, and κ 1 and κ 2 are the oxidation rates of lation, the κ 1 value to fit the experimental data for P = 1 atm was used.
As shown in Fig. 1 , the calculated results using only the κ 1 -term underestimates the oxide thickness. This indicates that the reaction for the κ 1 -term could not promptly absorb the large number of Si atoms emitted under high oxidant concentration, because the higher Si-atom concentration in the oxide leads to slower oxidation. Then, the reaction for the κ 2 -term, which can more promptly absorb the Si atoms than that for the κ 1 -term under high oxidant concentration, was taken into account. As shown in Fig. 1 , however, only the κ 2 -term overestimates the oxide thickness for 20 atm when the κ 2 value to fit the data for 1 atm is used. This indicates that the reaction for the κ 2 -term absorbs Si atoms in the oxide too effectively, resulting in a higher oxidation rate.
The calculated results mentioned above lead us to introduce both the κ 1 -and κ 2 -terms in order to fit the experimental data. Table I of ref. 6) are used, the simulation gives close fits to the oxide thickness for 1-20 atm at 900
• C and for 20 atm at 800-1000
• C, as shown in Figs. 1-3 . The contribution of the κ 1 -term to the oxidation in the oxide is about twice that of the κ 2 -term; the latter's contribution is minor. Therefore, κ 2 could not be determined as accurately as κ 1 , and the roughly estimated κ 2 is described. Moreover, the present simulation is based on the decreasing function of C As mentioned above, most of the grown oxide originates from the oxidation at the interface and the contribution from the oxidation of Si atoms in the oxide is minor. Note that, however, the oxidation in the oxide plays an important role in modulating the oxidation rate. The reaction rate for the κ 1 -term is proportional to the oxidant concentration, and the reaction is possibly described as Si + O 2 → SiO 2 . On the other hand, the κ 2 -term has square dependence on the oxidant concentration. The contribution of the κ 2 -term is only ∼1/300 of the total oxide thickness because ∼1% of the oxidized Si atoms are emitted. It is not unreasonable that the oxidation with the square dependence occurs with such a minor contribution, although elucidating the mechanism is not within the scope of this study. In contrast, the fitting by D-G theory requires a change of B/A in proportion to oxygen pressure to the power of n with 0.7 < n < 0.8. 8) The calculated results using n = 0.75 and 1 are also shown in Fig. 1 (dashed lines) , where the B/A value to fit the data for 1 atm is used. The normal treatment (n = 1) overestimates the oxidation and n = 0.75 has to be empirically used in order to fit the experimental data. In contrast, we have successfully fitted the oxide thickness for 1-20 atm at 800-1000
• C using constant parameter values for oxidation reaction.
We have explained the oxygen pressure dependence based on the oxidation of the emitted Si atoms in the oxide. Taniguchi et al. 10) have mentioned that the Si emission into oxide has a possibility to explain the pressure dependence. In contrast, parallel reactions by molecular and atomic oxygen at the interface have been proposed to explain the pressure dependence.
11) Our simulation takes into account only one kind of oxidant, that is molecular oxygen, for the oxidation at the interface. The simulation explains the pressure dependence by oxidation reaction in the oxide, which modulates the oxidation rate constant at the interface. Because the simulation is based only on the reaction by molecular oxygen (Si + O 2 → SiO 2 ) for the interface, it is physically reasonable and hence applicable to a broader rage of oxidation conditions.
Conclusions
A unified simulation of high-pressure Si oxidation has been made based on the interfacial Si emission model. The lessthan-linear dependence is explained by the oxidation of Si atoms in the oxide, which modulates the oxidation rate at the interface. We introduce reaction terms for the oxidation in the oxide so that the simulated results fit the less-than-linear de- pendence. In the simulation, only the oxidant solubility in the oxide is changed in proportion to oxygen pressure; the parameter values for oxidation reaction remain unchanged. We have successfully simulated the oxide thickness in a wide range of oxygen pressures and oxidation temperatures using a unified set of parameters.
